We demonstrate a hybrid distributed fiber sensing system for multi-parameter detection. The integration of phase-sensitive optical time domain reflectometry (Φ-OTDR) and Brillouin optical time domain reflectometry (B-OTDR) enables measurement of vibration, temperature and strain. Exploiting the fast changing property of vibration and the static property of temperature and strain, the laser pulse width and intensity are modulated and then injected into the single-mode sensing fiber proportionally, so that the three concerned parameters can be extracted simultaneously by only one photo-detector and data acquisition channel. Combining with advanced data processing methods, the modulation of laser pulse brings additional advantages because of trade and balance between the backscattering light power and nonlinear effect noise, which enhances the signal-to-noise ratio, and enables sub-meter level spatial resolution together with long sensing distance. The proposed method realizes up to 4.8 kHz vibration sensing with 3 m spatial resolution at 10 km standard single-mode fiber. And measurements of the distributed temperature and stress profile along the same fiber with 80 cm spatial resolution are also achieved concurrently. technology by using compact Brillouin fiber laser for Brillouin optical time domain reflectometry sensing system," IEEE Photonics Journal 4(5), 1686-1692 (2012). 32. Y. Yao, Y. Lu, X. Zhang, F. Wang, and R. Wang, "Reducing trade-off between spatial resolution and frequency accuracy in BOTDR using cohen's class signal processing method," IEEE
Introduction
During the past several decades, many high efficient and flexible distributed fiber sensing systems have been widely used in numerous fields, such as intrusion monitoring [1] , oil-gas depot [2] , aerospace and wind-energy industries [3] . Among these techniques, Rayleigh, Brillouin or Raman backscattering based optical time domain reflectometer are very practical owing to the advantages of single-ended and simple construction [4, 5] . Conventionally, a phase-sensitive optical time-domain reflectometry (Φ-OTDR), exploiting Rayleigh backscattering signal of narrow-linewidth laser pulse, is used to measure weak and fast changing perturbations along critical infrastructures [6] [7] [8] [9] . Besides, the Brillouin optical time domain reflectometry (B-OTDR), measuring frequency shift of Brillouin backscattering, has recently been highly concerned for determining distributed temperature and strain over long distances [10] [11] [12] [13] . The Raman optical time domain reflectometry (R-OTDR) or Raman distributed temperature sensor (RDTS) [14] [15] [16] [17] , exploiting avalanche photodetectors (APDs) to detect the different of Raman anti-Stokes (AS) and Stokes (S) signal induced by temperature, is widely used to measure distributed temperature with meter-scale spatial resolutions.
At the meantime, multi-parameter measurement is becoming a pressing requirement for fiber optic monitoring systems because it provides more valuable information which enables a comprehensive identification for fault event. Several novel methods for simultaneous distributed measurement of temperature and strain were reported based on spatially resolving both spontaneous Raman and Brillouin backscattered anti-Stokes signals [18] [19] [20] [21] . These methods eliminate the Brillouin frequency shift (BFS) cross-sensitivity between temperature and static strain. Slope-assisted method, based on stimulated Brillouin scattering interaction between two counter propagating optical pulses, permits dynamic strain or low frequency vibration to be measured by Brillouin optical time-domain analysis (BOTDA) schemes [22] [23] [24] [25] [26] [27] . For the purpose of sensing temperature and strain-induced vibration simultaneously, a BOTDA scheme combined frequency sweeping and slope-assisted techniques was proposed [27] . Two vibration events and one temperature point are clearly identified. However, slope-assisted method is only suitable for strain-induced low frequency vibration sensing, and it is difficult to measure weak perturbations with nε-level strain. Recently, a hybrid distributed acoustic and temperature sensor was reported based on integration of RDTS and Φ-OTDR utilizing a commercial off-the-shelf distributed feedback laser [28, 29] . It controlled and modulated the optical source to ensure inter-pulse incoherence and intra-pulse coherence, allowing cyclic simplex coding to be effective for both φ-OTDR and RDTS. This scheme enables accurate long-distance measurement of vibrations and temperature with minimal post-processing, which is incapable for static strain measuring.
In this paper, we propose and experimentally demonstrate a hybrid distributed multiparameter fiber sensing system based on integration of a Φ-OTDR and a B-OTDR. Both the width and intensity of the laser pulse are modulated so that the information of vibration, temperature and strain can be extracted simultaneously by only one photo-detector and data acquisition channel. In particular, a Φ-OTDR system based on direct detection for fast measurement of coherent Raleigh scattering is used with a heterodyne detection of Brillouin Stokes signal and Brillouin fiber laser by the control of an optic switcher (OS). The balances between the backscattering light power and nonlinear effect noise, combining with advanced data processing methods, enable high spatial resolution measurement of vibration, temperature and strain with long-distance.
Principles

Laser pulse modulation
In order to enhance the spatial resolution and achieve simultaneous multi-parameter measurement in long sensing range, the pulse width and intensity of the laser are appropriated modulated. As shown in Fig. 1 , each cycle of the modulated pulses consists of a group of wide pulses I1 with high intensity and a narrow pulse I2 with low intensity. The pulses pattern of single cycle can be written as:
(1) where I 1 (t) and I 2 (t), the profile of pulses, are Gaussian shape in our system to maintain a balance between pulse power and spatial resolution I i (t) can be written as: 
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Herein P i and τ i are peak power and full width at half maximum (FWHM) of the pulse, respectively, with P 1 >P 2 and τ 1 >τ 2 .
Vibration is a rapidly changing parameter which can be detected through intensity variation of Rayleigh backscattering in Φ-OTDR, while the static parameters, such as temperature and strain can be detected through Brillouin backscattering frequency shift from B-OTDR. Restricted by the photodetector duck current noise and limited responsivity, the pulses I1 possessing wide duration and high intensity are utilized for vibration detection, due to the fact that intensity based Φ-OTDR needs more optical energy to activate enough Rayleigh backscattering signal in the sensing fiber. Furthermore, according to the Nyquist-Shannon sampling theorem [6, 8] , sampling frequency should be as high as possible to widen system frequency response range, i.e., the number of pulses for Φ-OTDR sensing should be guaranteed as large as possible. The narrow and low intensity pulse I 2 is used for temperature and strain sensing for the reason that frequency based B-OTDR is immune to the duck current noise. However, an high peak pulse will not increase the signal-to-noise ratio (SNR) of B-OTDR, but lead to stimulated Brillouin scattering and other nonlinear optical effects, which will deteriorate SNR instead. To guarantee the coherence of backscattering light in long sensing fiber, a narrow linewidth laser source is a crucial element in Φ-OTDR. However, a narrow linewidth laser with high power often brings significant nonlinear effects [30] , such as unstable modulation, stimulated Brillouin, which leads to the randomization of the scattering light the pulse energy transferring from laser frequency to nearby frequencies. These nonlinear effects will deteriorate the system SNR or even make the signal unable to detect. On the other hand, because of fiber attenuation, the far end backscattering light of the long fiber will submerged in the dark current noise of the photo-detector when the peak power is not high enough. Thus this also limits the sensing range. 
Principle of operation & data processing
When the sensing fiber experiences vibration, the refractive index and length of the fiber near the local vibrations changes, which ultimately changes the local amplitude and phase of the modulated pulses, and also the intensity of the backscattered signal [29] . To get the frequency spectrum at t, the beat signal is firstly multiplied with tg length Gaussian window, and then Fourier transform is taken, which is illustrated in Fig. 2(a) . The G-STFT procedure can explained by formula
where g(t) is Gaussian window function
τg is the FWHM of Gaussian window, as shown in Fig. 2(b) .
Depending on the Heisenberg-Gabor uncertainty principle [32] , the product of the windowed signal duration and the spectrum bandwidth has to be not smaller than a constant, i.e. spatial resolution and frequency bandwidth is a trade-off question in our system. Fortunately, the gain spectrum of spontaneous Brillouin is a single peak Lorentz line-shape, whose bandwidth is tens of MHz normally. By increasing the Gaussian window length t g while keeping the FWHM τ g stable, high spatial resolution and enough frequency bandwidth could be achieved simultaneously with hundreds of sampling periods averaging. Spatial resolution of the OTDR system could be expressed as δz=cτp/2nc, where c represents speed of light in vacuum, and τ p is laser pulse duration and n c stands for refractive index of fiber core. Therefore, FWHM of the window function τ g is set to be slightly smaller than the pulse width τ p . Meanwhile, the window width tg is determined by the DAQ sampling rate and the detected width of spontaneous Brillouin gain spectrum, which t g is supposed to be t g =12τ g in the proposed system. In addition, the moving step t s of Gaussian window is set to τ p /5 for a better analytical spatial resolution. Then, the frequency spectrum of STFT at position t can be obtained after hundreds of periods average.
After acquiring the STFT frequency spectrum, Lorentzian nonlinear fitting (WLF) method is adopted to get the accurate BFS center frequency. Considering the spectral asymmetry resulted from noises from spontaneous Brillouin gain distortion in practice, the data at bottom right of spectrum peak is not used in curve fitting. What's more, normalized under-fit data, severed as weight value, is expected to multiply with under-fit data during each fitting iteration, which highlights the weight of data near the peak and reduces iterate times. Fitting result is displayed in Fig. 2(c) .
Experiment and discussions
Experimental setup
The experimental setup used to evaluate the performance of the proposed system is shown in Fig. 3(a) . A single frequency light source whose linewidth is less than 200Hz (NKT Laser, E15) is injected into the sensing fiber and a Brillouin laser cavity through a coupler. An acousticoptic modulator (AOM), driven by the arbitrary waveform generator (AWG), is used to generate modulated pulses with different widths and amplitudes for φ-OTDR and B-OTDR. The pulse widths for φ-OTDR and B-OTDR are 30 ns and 8 ns, respectively. Then the light signal is amplified by an Erbium-doped fiber amplifier (EDFA) and a narrowband band-pass filter (BPF) is used to filter Amplified Spontaneous Emission (ASE) noise. Through a circulator, Rayleigh and Brillouin backscattering traces of modulated pulses are amplified by another EDFA and the Brillouin backscattering is selectively beat with Brillouin laser by an optical switch (OS).
To find a balance between signal power and nonlinear effects, we observe the scattering spectra of different pulse power along the 10km sensing fiber. The CW light is modulated to a 9.7 kHz repeating rate light pulse by an AOM. Scattering spectra of sensing fiber at different EDFA pump power is shown in Fig.3(b) . There is only Rayleigh and Brillouin scattering peaks when the pump current changes from 70mA to 80mA, and the scattering power increases with pump current. However, when the EDFA pump current goes greater than 80mA, new frequency component generates on the both sides of the light source, while Rayleigh and Brillouin scattering no longer increases. Therefore, the 80mA pump current is chosen in the experiment and the peak power of I1 and I2 are 14W and 3W respectively, as shown in Fig. 3(c) . At the end of 10170m sensing fiber, about 4.6m fiber are placed in a water tank, two short sections (5m and 80cm) of the fiber are glued on two pairs of micro-position stages to apply the strain, and 1m fiber is wound on a piezoelectric transducer (PZT) tube to simulate external perturbations.
The proposed Brillouin laser cavity is shown in Fig. 4(a) , which consists of a EDFA with 25dBm saturation output, a three-port circulator, a polarization controller, 50m scattering fiber and a 10:90 coupler. Fixed in polyurethane foam, the laser cavity is resistant to vibrational perturbation. The scattering fiber here is panda polarization-maintaining fiber whose core and cladding diameter are 8um and 94um, respectively. Heterodyned with the 1550nm narrow linewidth seed laser, the Brillouin frequency shift (BFS) of the Brillouin laser is 10.324GHz as shown in Fig. 4(b) . The Side mode suppression ratio is 73 dB and interval of longitudinal mode is about 3.8 MHz which corresponding to 52 m cavity length. The linewidth of Brillouin cavity is ~ 230Hz, measured by the method in [33] , as shown in Fig.4(c) . In order to simultaneously detect vibration, temperature and strain along the sensing fiber, the 30ns pulses and 8ns pulse with repeating rate of 9.7 KHz are injected into the fiber. As demonstrated before, the ratio of wide pulse number and narrow pulse number is 100:1. That is to say, N in Fig. 1(a) equals 100. To implement φ-OTDR sensing, the OS is switched off after every high power pulses enter into the sensing fiber. While, when OS is switched on, the Stokes Brillouin spontaneous peak of backscattering light beats with the Brillouin laser, resulting in a frequency off sent of several hundreds of MHz. All the backscattering signals are detected by a 1.6GHz photodetector (Thorlabs PDB 480C) and recorded by a high speed data acquisition card (DAQ; Gage, 4GSa/s sampling rate) at 2GHz sampling rate.
Vibration detection result
The PZT tube used as the vibration source is at the position of 10164m of sensing fiber. The sensing fiber is wounded about 1.07m length on PZT, where the loop diameter and number of loops are 34mm and 10, respectively. Fig. 5 show the φ-OTDR traces around PZT section (10155m to 10170m) when the PZT tube is applied by 100Hz and 1000Hz sinusoidal signal. Fig. 5(a) and 5(b) are superposition of ten consecutive Rayleigh backscattering traces recorded by DAQ, which show the amplitude changes caused by PZT. Due to the interference fading and the frequency shift of AOM, the traces are nearly zero at some place. Fig. 5 (c) and 5(d) are normalized traces along different sampling periods over 50ms. The interference fading phenomenon is eliminated in these figures while vibration sections be emphasized. The phase change induced by PZT is clearly identified and the spatial resolution is ~3m which corresponding to 30 ns pulse. In order to test the performance on different vibration frequency, 500Hz, 1KHz, 3KHz and 4.8KHz sinusoidal signals are applied to the PZT tube separately. The FFT transform spectrum at the vibration points, as shown in Fig. 6 , demonstrates that the system has the capability to detect induced vibration along the fiber with up to 4.8KHz frequency response rang with a high SNR over 10dB. 
Temperature and strain detection result
The acquired beat electrical signals of B-OTDR are analyzed by G-STFT method as mentioned in section 2. After 1000 cycles average, the spatial distribution of Brillouin scattering signal along the 10km fiber is shown in Fig. 7(a) . BFS peak can be seen around 280MHz and attenuated along the fiber due to fiber losses. But it is high enough to be detected at the end of sensing fiber as shown in Fig. 7(b) . We also performed distributed temperate and strain measurement together with vibration measurement. Fig. 7(b) depicts the BFS spectrum distributions along the end section of sensing fiber when temperature, strain and vibration change. It demonstrates clearly that the frequency shift will occur at the temperate shift and strain regions, while no response at vibration point. This is because that the vibration induced disturbance is weak and it changing swiftly, which will be eliminated after averaging. The BFS peaks are extracted through windowed Lorentzian nonlinear fitting method shown in Fig. 8(a) , through which we can easily calculate the frequency shift value and identify the temperature and strain shift location. Fig. 8(b) shows that the enlarged BFS peak graph around the 80cm strain section in Fig 8(a) , indicating the spatial resolution is no less then 80cm. This resolution is an extremum for typical B-OTDR sensing due to the limit of phonon lifetime which is about 10ns in optical fiber [11] . Brillouin temperature measurement is executed from 24.8°C to 72.5°C by changing the water temperature, which is calibrated by a 0.1°C resolution mercurial thermometer. Fig.9 (a) gives the BFS peaks around water tank section under different temperatures, which increases with water temperature. Fig. 9(b) shows the relationship between the average Brillouin frequency of the temperature shift section and the temperature measured by the mercurial thermometer. The average temperature-dependent coefficient of the fiber, calculated by linear fitting, is 0.9876MHz/°C. Shifting the micro-positioner of 5m fiber section by 0.5mm, we performed strain measurement with a range of 2000με. Fig.10(a) gives the BFS peaks around 5m section for different strains. Fig. 10(b) shows the relationship between the average Brillouin frequency and the strain applied to the fiber. It can be seen that the BFS shift within three test rounds is under 1MHz. The average strain-dependent coefficient of the fiber is 0.0495MHz/με.
Discussions
The experimental results indicate that the proposed method is capable for multi-parameter sensing, but there are many operating challenges when extending the performance of the system. 1). For distributed vibration sensing, the frequency response range here is 0~4.8 kHz for the limits of light pulse round trip time in the sensing fiber. While, in many application scenarios, like sound detection and metro railway monitoring, wide frequency response range is needed. Frequency division multiplexing method may be considered to enhance the frequency response of vibration detection.
Due to the arbitrary initial phase property of φ-OTDR, the amplitude of vibration, i.e. the accurate phase, is difficult to demodulate through the backscattering signals. A complex modulation of light pulse is promising to solve this problem. Inspired by the demodulation of MZI signals, 3×3 coupler and phase generated carrier techniques are also potential solutions.
2). For distributed temperature and strain sensing, our proposed solution has an 80cm spatial resolution which is an extremum for typical configuration due to the limit of phonon lifetime. A higher spatial resolution can be achieved when combining with the differential pulse-width pair method.
The sensing fiber used here is cross-sensitive for both temperate and strain. Introducing Raman signal demodulation into the system will eliminate this effect obviously, but it makes the setup complicated and costly because two additional sampling channels is needed for detecting Raman anti-Stokes (AS) and Stokes (S) signals. While in practical engineering projects, cross-sensitive problem can be partially overcame by using loose compact fiber or setting temperate reference fiber.
3) The 10 km sensing range value does not represent the limit and can be expanded by using longer optical pulses and, therefore, lower spatial resolution. The best trade-off between resolution and sensing range depends on the application. Besides, more than 100 km sensing range can be realized when amplifying the scattering light through Raman or EDFA amplifiers in sensing arm.
Conclusions
To conclude, a hybrid distributed multi-parameter fiber sensing system based on modulated pulses Φ/B-OTDR have been demonstrated to measure the vibration, temperature and strain with one photo detector and data acquisition channel. The probe sensing pulse is modulated into two kinds of profiles according to the fast changing property of vibration and the static property of temperature and strain, and then injected into sensing fiber sequentially with ratio of 100:1. In order to get a better spatial resolution, the pulses width are set to 30 ns and 8 ns separately for Phi-OTDR and B-OTDR sensing, matching with their different sensing principles. The modulation of the laser pulse width and intensity not only enables multiparameter sensing, but also minimizes the nonlinear effect noise, which enhances the signal-tonoise ratio. Furthermore, Gaussian window short time Fourier transform method and weighted Lorentzian nonlinear fitting method are proceeded to demodulate νB in B-OTDR sensing, which a sum-meter level spatial resolution is achieved in temperature and strain detection eventually. The system can clearly identify up to 4.8kHz vibration at 10km distance along a standard singlemode fiber with 3m spatial resolution. And measurements of the distributed temperature and stress profile along the same fiber by 80 cm spatial resolution are also realized simultaneously. 
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